We report the broadband nonlinear optical (NLO) properties of CsPbBr 3 perovskite films achieved from colloidal nanocrystals prepared following a room temperature and open atmosphere anti-solvent precipitation method. The NLO studies were performed on the films of nanocubes (NCs) and nanorods (NRs) using the Z-scan technique with 1 kHz femtosecond pulses at 600, 700, and 800 nm. Large two-photon absorption cross sections (∼10 5 GM) were retrieved by fitting the open-aperture Z-scan data. Strong third-order NLO susceptibility (∼10 −10 esu) was observed in these films. At higher peak intensities a switching of sign (in both NCs and NRs) in the real and imaginary parts of the NLO susceptibility was observed from the studies on these CsPbBr 3 nanocrystals. The obtained NLO coefficients clearly suggest that these materials are promising for ultrafast photonic applications. All-inorganic and organic-inorganic lead halide perovskites boost the nonlinear optical (NLO) properties due to their large carrier mobility, composition, and size tunable optical properties, and further find applications in fields such as photovoltaics [1, 2] , LEDs [3, 4] , lasers [5, 6] , and optoelectronics [7] [8] [9] [10] [11] [12] . Halide perovskite nanocrystals have gained significant interest recently because of their enhanced optical behavior such as high fluorescence quantum yield and intrinsic strong optical absorption which significantly influence the efficiency in perovskite-based solar cells. At room temperature and under low illumination conditions, optical amplification can be achieved in the entire visible spectral range. Inorganic perovskite nanocubes (NCs) exhibit large 2PA cross sections, two orders of magnitude larger than traditional colloidal quantum dots (QDs) [13, 14] . In this Letter, we report the NLO properties of all-inorganic cesium lead bromide perovskite (CsPbBr 3 ) nanocrystals of controlled sizes and shapes [NCs and nanorods (NRs)]. By using a reported anti-solvent precipitation method at ambient conditions, highly luminescent NCs are obtained [15] . Long-chained oleic acid and oleylamine are used as the capping ligand for the synthesis, where the reaction time controls the morphology of the obtained nanocrystals. The UV-visible absorption spectrum provided the first absorption onset of NCs at 498 nm and in NRs at 510 nm. The sizes of the NCs and NRs, estimated from transmission electron microscope (TEM) images, were ∼12 2 and 80 10 nm (diameter). The high-resolution (HR)-TEM images [Figs. 1(b) and 1(e)] with clear lattice fringes indicate high crystallinity of the material. The complete details of characterization of these nanomaterials were summarized in an earlier work [15] . The NC/NR films were prepared by dropcasting ∼150 μl of the respective colloidal solutions (typically, micrometers) on a glass subtrate (2.3 cm × 2.3 cm) and, subsequently, permitting the solvent evaporation at room temperature under high vaccum [insets of Figs. 1(c) and 1(f)]. The thickness of the prepared films, measured using atomic force microscope (AFM), were estimated to be ∼35 nm in the NC case and ∼200 nm in the NR case. The length of the NRs varied from 0.5 to 2 μm. The absorbance (typically <0.1) was measured for these films at 600, 700, and 800 nm, and the corresponding thickness and absorption coefficients were used for Z-scan data analysis.
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The details of Z-scan [16] experiments are reported in our earlier work [17] . The samples (thin films) ware focused with femtosecond (fs) pulses delivered by an optical parametric amplifier (OPA). The OPA was seeded by a Ti:sapphire laser (LIBRA, M/s Coherent) delivering ∼50 fs pulses at 800 nm and a 1 kHz repetition rate. The estimated pulse duration at the sample was ∼70 fs. The open-/closed-aperture measurements were performed at three different wavelengths of 600, 700, and 800 nm. The beam waists (2ω 0 ) were estimated to be in the 60-70 μm range. The input beam diameters were in the range of 2.5-4 mm (depending on the wavelength), resulting in slightly different Rayleigh lengths (Z R ) for different scans. The thickness of the samples was ≪ Z R , satisfying the thin sample limit. The 800-nm beam was from the amplifier and has a large diameter compared to the 600/700 nm beam and, therefore, resulted in smaller Rayleigh range. Typical input energies of <0.1 μJ were used, and the corresponding peak intensities were estimated to be in the range of
20-30 GW∕cm
2 . The Z-scan measurements at 600 nm were also performed at higher peak intensities of ∼400 GW∕cm 2 . Figure 2 depicts the Z-scan results of both NCs and NRs recorded at 600, 700, and 800 nm. The peak intensities were estimated to be in the 20-30 GW∕cm 2 range. The data obtained clearly indicate a reverse saturable absorption (RSA) type of behavior in both the cases and for all wavelengths investigated. The data was fitted for extracting the 2PA coefficient. The magnitudes of 2PA coefficients obtained were ∼cm∕GW and the corresponding 2PA cross sections (16) were in the range of 10 4 -10 5 GM. We have ensured that the contribution from the glass substrate is considered while evaluating these coefficients and found that the glass slide did not show any nonlinearity at the peak intensities used. Closed-aperture Z-scan measurements [data shown in Figs. 2(b), 2(d), 2(f ), 2(h), 2(j), and 2(l)] revealed the signature to be a peak-valley type, suggesting the presence of negative nonlinearities (n 2 < 0) at all wavelengths. The magnitude of n 2 was 0.1-29 × 10 −13 cm 2 ∕W at the wavelengths investigated. The nonlinearity from n 2 is attributed mainly to the bound charge carriers with femtosecond excitation [18] . Table 1 summarizes the magnitudes of 2PA cross sections and all the NLO coefficients obtained for both NCs and NRs in this Letter. It is evident that the NLO coefficients of NCs were higher than those of the NRs at each wavelength. However, the n 2 (and hence the χ 3 ) value of the NRs at 800 nm was higher when compared to the NCs. The magnitude of χ 3 was estimated to be ∼10 10 esu. The large nonlinearity observed in NCs could be partially attributed to the edges (not available in NRs) where the electric field could be localized leading to enhancements. The errors in these measurements and, hence, the NLO coefficients presented in this work are estimated to be within 10% and arise mainly from the estimation of peak intensity, input laser fluctuations, and fitting errors. The scattering was observed to minimal in the present measurements. Figures 3(a)-3(d) illustrates the Z-scan data recorded at 600 nm but with higher peak intensities (400 GW∕cm 2 ). The samples were stable at these peak intensities and this was confirmed by repeating the measurements multiple times and over a period of 30 days. Further increase in peak intensities resulted in the Supercontinuum generation. The perovskite films of both NCs and NRs interestingly depicted SA behavior with a saturation intensity I s ∼5 × 10 11 W∕cm 2 in the case of NCs and an I s ∼9.5 × 10 10 W∕cm 2 in the case of NRs. The peak intensity where the transition from RSA to SA occurred was estimated to be ∼200 GW∕cm 2 .
There are few reports in literature on the NLO studies of perovskite colloidal solutions and thin films with different morphologies, input wavelengths and pulse durations [14, 18, [19] [20] [21] [22] [23] [24] [25] [26] [27] 28, 29] . The NLO coefficients obtained from our studies are on par with those reported recently. Especially, the n 2 values are barely reported and our n 2 values are superior to others. Chen et al. [22] reported the size dependence (mean sizes of 4.6-11.4 nm) of the 2PA cross sections in CsPbBr 3 perovskite (QDs) and obtained a maximum σ 2 value of 1.8 0.1 × 10 5 GM for 9.4 nm QDs. They report an increase in the σ 2 value by an order of magnitude when the QDs size changed from 5 to 12 nm. Compared to this, the value obtained in our measurements is 9.8 × 10 5 GM at 800 for 12 2 nm sized NCs, which is consistent with the report of Chen et al. [22] . However, the wavelength dependent studies reported by them suggested an enhancement of ∼2 times (600/700 nm when compared to 800 nm while in the present case we observed ∼7 times higher σ 2 value at 800 nm when compared to 600 nm. Chen et al. [22] clearly suggested that the estimation of σ 1 is detrimental for achieving the accurate values of σ 2 . Any uncertainty in the estimation of σ 1 will lead to errors in the estimation of σ 2 . In their case they obtained those from transient absorption measurements. Further, their studies employed longer pulses (>120 fs) whereas in the present case we used ∼70 fs pulses. Further detailed transient absorption studies will help us elucidate the different behavior observed in the present case. 2PA cross sections mentioned here are estimated using the concentration of the solutions used for preparing the thin films. A simple estimation involving the interaction volume (laser beam with the sample) in solutions and thin films indicated slightly lower concentration of the nanocrystals in the film when compared to solutions resulting in a slight under-estimation of the NLO cross sections reported here. Furthermore, some of the NLO coefficients obtained in this work match well with those reported in Ref. [22] , clearly validating our experiments and calculations. Detailed studies are essential to exactly find out the concentration of nanocrystals in films to calculate the cross section per unit nanocrystal.
Lu et al. [21] compared the NLO coefficients of QDs of CsPbBr 3 and CH 3 NH 3 PbBr 3 using MHz, 130 fs pulses using the Z-scan technique. They obtained 2PA coefficients of 10 −9 cm∕W and n 2 of 2-5 × 10 −13 cm∕W 2 . However, their measurements were performed with 76 MHz pulses, and the thermal effects predominantly contribute to the nonlinearities resulting in enhanced values. For the peak intensities used in their studies, they observed SA at 800 nm. Liu et al. [24] obtained lower values of β and n 2 for CsPbX 3 perovskite nanocrystals (15-29 nm sizes) compared to ours while using 396 fs pulses at 787 nm and a 1 kHz repetition rate. Wang et al. [25] reported σ 2 value of ∼1.2 × 10 5 GM for the 9 nm CsPbBr 3 nanocrystals at 800 nm using 100 fs, 1 kHz pulses. This value is comparable to that obtained in this Letter. Li et al. [26] reported the σ 2 values of 2.8 × 10
6 GM for CsPbI∕Br 3 QDs obtained with 1030 nm excitation and longer pulses of 340 fs. Further, the sign of n 2 changed from a negative to positive type, and the magnitude also increased by an order. The CA Z-scan data for obtaining n 2 depicted peak valley for all wavelengths at low pump intensities (self-defocusing phenomenon). The value of Δφ was ensured to be <π in both the cases. At higher pump intensities at 600 nm, self-focusing was observed, and the nonlinear susceptibility is dominated by refractive index n 2 from indirect two photon optical transition. Liu et al. [29] reported SA in PEA 2 PbI 4 , along with 2PA saturation. They argue that due to confinement effects they expect enhanced light-matter interaction (e.g., strong exciton-phonon coupling). Such carrier confinement can lead to enhanced nonlinearities. Further, the shape effects of the NCs and the NRs also assist in the enhancement of the nonlinearity. Li et al. [27] also reported SA in CsPbBr 3 perovskite QDs with 343 fs pulse excitation at 515 nm. The switchover from RSA to SA can be partly attributed to the saturation of 2PA (ground state bleaching) or the trapping of the carriers in gap states [30] . Further detailed studies are essential to elucidate this behavior.
In summary, the NLO properties of an ambient condition synthesized colloidal CsPbBr 3 perovskite NCs and NRs were measured using the Z-scan technique with fs pulses. A notable change in the refractive index is observed; at higher intensities 7.3 × 10 10 W∕cm 2 , an increase in the refractive index with a saturated absorption is evident. The NCs demonstrated Table 2 . It is observed that CsPbBr 3 NCs and NRs depict a size and thickness of dependent NLO properties with increasing saturation intensity at higher peak intensities [17] . The strong nonlinear absorption and switching properties of these open atmospheric cost-effective CsPbX 3 perovskite NCs indicate high potential to be a future material for light harvesting, all-optical communications [31, 32] . 
